Abstract. The influence of platinum contamination on the stability of radiation defects produced by high-energy proton irradiation was investigated in the low-doped n-type float-zone oxygen rich silicon forming the base of power p + nn + diodes. Platinum was first implanted and then in-diffused at different temperatures to obtain different levels of contamination. Diodes were then implanted with 1.8 MeV protons to a fluence of 2x10 10 cm -2 and radiation defect reaction during isochronal annealing were investigated by deep-level transient spectroscopy. Results show that contamination of silicon by platinum atoms influences significantly both the introduction rates and the temperature stability of dominant radiation defects (vacancy-oxygen pairs, divacancies and VOH complexes).
Introduction
Behavior of platinum (Pt) atoms in silicon still attracts significant interest since platinum is widely used in semiconductor technology. In silicon power electronics, the platinum in-diffusion is often employed for reduction of carrier lifetime since the acceptor level of substitutional platinum Pt s -/0 behaves as an ideal recombination centre [1] . Due to increasing demands on the lifetime controllability, the platinum in diffusion is also combined with another lifetime killing technique: introduction of radiation defects by irradiation with light particles (electrons, protons and alphas). In this case, one can assume that introduced crystalline defects (platinum centers and radiation defects) will mutually interact. This may modify thermal stability of introduced recombination centers and significantly influence electrical parameters of manufactured devices.
The effect of Pt on radiation defects in silicon was first presented in [2] on samples irradiated with low-energy (60 keV) electrons. It was shown that silicon contamination by platinum increases the introduction rate of vacancy-oxygen (VO) pairs and lowers the annealing temperature of both the VO pairs and divacancies. Similar effects were then reported on copper contaminated silicon [3, 4] and silicon subjected to high-temperature heat treatment [5] . Recently, we reported on accelerated annealing of VO pairs and divacancies in proton irradiated silicon where platinum was introduced by radiation enhanced diffusion [6] .
In this contribution, different levels of Pt contamination were introduced into n-type silicon to systematically study the influence of Pt atoms on stability of radiation defects introduced by high-energy protons. Defect reactions during post-irradiation annealing were then studied by deep level transient spectroscopy (DLTS).
Experimental
The samples used in this experiment were planar p + nn + power diodes fabricated on the low-doped (phosphorous concentration below 10 14 cm -3 ) <100>-oriented float zone (FZ) n-type silicon. Diodes had deep p + and n + emitters produced by long thermal diffusion which resulted in relatively high concentration of oxygen in samples. Platinum was introduced into the diodes from the anode side by implantation of 1 MeV platinum ions and subsequent vacuum annealing at temperatures ranging from 725 to 900°C. This allowed introduction of Pt s at different levels ranging from 1x10 11 to 1x10 13 cm -3 . Samples were then irradiated into the depth of about 39.6 µm with 1.8 MeV protons to a fluence of 2x10 10 cm -2 . After irradiation, the diodes were subjected to 30 minutes isochronal furnace annealing in the temperature range from 100 to 450°C. Electrically active defects introduced by the in-diffusion of platinum, proton implantation irradiation and subsequent annealing were then characterized by capacitance DLTS (DLS-82E spectrometer). For recording of all majority carrier DLTS spectra, the steady-state reverse bias (V R = 20V) and the filling pulse voltages (V R = 0V) were chosen to cover the whole defect profile beyond the anode junction. Similar experiment was performed on reference, non-contaminated samples with identical thermal history. Fig. 1 shows the majority carrier DLTS spectra recorded on silicon contaminated by Pt s to a level of 3x10 11 and 4x10 12 cm -2 , resp., after irradiation with 1.8 MeV protons to a fluence of 2x10 10 cm -2 . The spectrum of the reference uncontaminated sample and spectra recorded on all three samples before irradiation are also shown for reference. Spectra of the unirradiated samples (dashed) contain two peaks T1 and T2 which are related to an unidentified defect originating from diode fabrication. The contamination with platinum introduced two additional peaks P1 and P2. The peak P1 at 128 K corresponds to the acceptor level of the platinum substitutional Pt s -/0 (the activation energy for electron emission 0.23 eV) and P2 at 220 K (0.42 eV) to an unidentified Pt-related defect. Both the defects are homogeneously distributed within the depth under study. Fig.1 shows that proton irradiation introduces six peaks labeled E1-E6 at about 78, 95, 135, 177, 237 and 280 K. The corresponding activation energies for electron emission from related traps are 0.131, 0.163, 0.238, 0.312, 0.436 and 0.463 eV. The traps were assigned to different radiation defects on the basis of comparison with previous investigations, e.g., [4, 6, 7] : E1 to interstitial-dioxygen complex (IO 2 ), E2 to the acceptor level VO -/0 of the vacancy-oxygen pair, E5 and E3 to the single and double acceptor level V 2 -/0 and V 2 =/-of divacancy, E4 to the hydrogenated VO center -VOH complex, and E6 to the hydrogenated divacancy -V 2 H. Since the level of Pt contamination and the applied fluence of protons were relatively low, the spectra of platinum contaminated samples does not contain MeV protons to a fluence of 2x10 10 cm -2 , the spectrum of the reference uncontaminated sample (solid thin) and spectra recorded before irradiation (dashed) are also shown, rate window 260 s -1 .
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distinctive peaks related to platinum-hydrogen complexes [6] . Only in the spectrum of the Pt contaminated diode to the level of 4x10 12 cm -3 , one can resolve a contribution of the PtH complex (PtH -/0 level with activation energy 0.523 eV) as a high-temperature shoulder of the peak E5 (P3). Fig.1 clearly shows that platinum contamination increases the introduction rate of both divacancies and VO pairs. Especially, E2 (VO) peak rises up to 1.4 times in the spectrum of the diode contaminated by platinum to the level of 4x10 12 cm -3 . This effect was already reported in [2, 6, 8] . The increased generation of VO pairs was explained by recombination of self-interstitials on Pt s centers according to reaction I+Pt s Pt i . Enhanced recombination of self-interstitials increases the vacancy concentration and subsequent production of the VO pairs [2] . However, our experimental data do not confirm this hypothesis since we did not register any correlation between the increase of the E2 peak (VO) and decrease of the P1 peak (Pt s ). Nevertheless, platinum constitutes in silicon a series of different, electrically inactive defects which can play the estimated role of Pt s and serve as sinks for generated self-interstitials.
Annealing experiment showed that platinum contamination significantly changes annealing behavior of a number of radiation defects. While the Pt contamination do not influence the annealing of the IO 2 complex (the center disappears completely after annealing at 150°C), the annealing characteristics of the dominant vacancy-related defects (VO pairs, divacancies, and VOH complexes) change significantly. This is shown in Fig.2 which presents the change of amplitude of the DLTS signal originating from the levels E2 (VO), E5 (V 2 ), and E4 (VOH) during isochronal annealing up to 450°C. Presented annealing characteristics clearly show that increasing amount of platinum atoms significantly accelerates annealing VO pairs and VOH complexes. While in the platinum free silicon, the VO pairs and VOH centers anneal out at 350 and 375ºC, resp., the increasing of the platinum concentration up to the level of 4x10 12 cm -3 decreases their annealing temperature to 225 and 275ºC, resp. This unambiguously shows that contamination by platinum atoms is responsible for this effect. Detail view on the annealing characteristics of both the VO and the VOH centers indicates that acceleration of the annealing of vacancy-related defects can be caused by lowering of vacancy concentration either by their enhanced recombination or by their capturing on new, more stable defects. 
Solid State Phenomena Vols. 156-158
Detailed picture about defect reactions taking place in the uncontaminated and Pt contaminated sample during the post-irradiation annealing is shown in Figs. 3 and 4 which present majority carrier DLTS spectra recorded after particular annealing steps. In the uncontaminated sample, the dominant radiation defects -VO pairs (E2), divacancies (E3 and E5), and VOH complexes (E4) -disappear between 300 and 350°C mostly by decomposition on separate components and subsequent recombination of vacancies. The only new and more stable defect which arises during annealing due to vacancy aggregation exhibits the peak at 114 K -E7(0.211eV). This defect, which is probably related to multiple-vacancy V n complexes, anneals out at about 450°C and represents one of the most stable defects arising from low-dose proton or helium irradiation [8] .
In the contrast with the uncontaminated sample, the introduction of platinum give rise to a series of new defects appearing during the accelerated annealing of VO and VOH centers (see e.g. peaks P4-P7 in Fig.4) . DLTS spectra change dramatically and the most noticeable is the apparent increase of the peak P1 related to Pt s during the annealing of VO pairs (annealing temperatures 250 to 300°C). This should indicate on enhanced recombination of vacancies due to interaction with platinum interstitials V+Pt i Pt s as proposed in [2] . However, detailed view on the DLTS spectra reveals that the increase of the P1 peak is caused by appearance of the new defect P4 at 120 K with a deep level located close to the acceptor level of Pt s . This is shown in Fig. 5 which compares DLTS spectra of samples with different Pt content (uncontaminated, contaminated to a level of 3x10 11 and 4x10 12 cm -3 ) measured after irradiation and annealing at temperatures when the E2 level (VO centre) is annealing out. To show the net effect of the radiation damage, the spectra measured before irradiation (especially the P1 peak) were subtracted. Fig.5 clearly shows, that while in the uncontaminated sample, the E2 (VO) peak anneals with simultaneous appearance of the E7 level at (n.a.) and subsequent annealing at temperatures ranging from 100 to 450 ºC, rate window 260 s -1 .
114K, in the Pt doped samples the situation is different. Both the E2 and E4 anneal out giving rise to three new peaks P4 (120 K), P5 (150 K), and the band around P3 level (258 K). These levels can be associated with complexes containing platinum, vacancies and oxygen. In this way, the annealing scheme seems to be very similar to the case of radiation defects in silicon contaminated with copper [4] . Further annealing leads to transformation of P5 and P3 defects to new defect levels P6 (204 K) and P7 (224 K) which are stable up to 450°C (see Fig.6 ). 
Summary
We investigated the influence of platinum contamination on the stability of radiation defects produced by high-energy proton irradiation in the low-doped n-type float-zone oxygen rich silicon. Results show that the presence of platinum atoms increases the introduction rate of vacancy-related defects (vacancy-oxygen pairs and divacancies). On the other hand, the increasing platinum contamination significantly accelerates disappearing of vacancy-oxygen pairs and VOH complexes upon isochronal annealing. This is accompanied by generation of a series of new electrically active and more stable defects.
